Covalent sidewall functionalization of single-walled carbon nanotubes (SWCNTs) is an important tool for tailoring their properties for research purposes and applications. In this study, SWCNT samples were first functionalized by reductive alkylation using metallic lithium and 1-iodododecane in liquid ammonia. Samples of the alkyl-functionalized SWCNTs were then pyrolyzed under an inert atmosphere at selected temperatures between 100 and 500 °C to remove the addends. The extent of defunctionalization was assessed using a combination of thermogravimetric analysis, Raman measurements of the RBM, D, and G bands, absorption spectroscopy of the first-and second-order van Hove peaks, and near-IR fluorescence spectroscopy of (n,m)-specific emission bands. These measurements all indicate a substantial dependence of defunctionalization rate on nanotube diameter, with larger diameter nanotubes showing more facile loss of addends. The effective activation energy for defunctionalization is estimated to be a factor of ~1.44 greater for 0.76 nm diameter nanotubes as compared to those with 1.24 nm diameter. The experimental findings also reveal the quantitative variation with functionalization density of the Raman D/G intensity ratio and the relative near-IR 2 fluorescence intensity. Pyrolyzed samples show spectroscopic properties that are equivalent to those of SWCNTs prior to functionalization. The strong structure dependence of defunctionalization rate suggests an approach for scalable diameter-sorting of mixed SWCNT samples.
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KEYWORDS: covalent functionalization; pyrolysis; dodecylation; D/G ratio; nanotube fluorescence restoration Single-walled carbon nanotubes (SWCNTs) are among the most intensely studied artificial nanomaterials because of their unusual fundamental properties and promise for diverse applications. An essential tool for tailoring the interactions of SWCNTs with their environment is functionalization. 1 Such functionalization may be either noncovalent, for example with coatings of surfactants, synthetic polymers, or biopolymers; 2 or covalent, achieved through chemical reactions that link addends to sidewall carbon atoms of the nanotube. [3] [4] [5] [6] Both noncovalent and covalent functionalization are commonly used to allow SWCNTs to be individually suspended or dissolved in liquid media. In addition, one can sometimes exploit structure-specific interactions that depend on nanotube diameter and roll-up (chiral) angle. As an example, noncovalent interactions between nanotubes and the organic polymeric dye PFO are selective enough that it can extract a subset of SWCNT structures from broadly heterogeneous as-grown samples. 7 Covalent sidewall functionalization offers another possible route to SWCNT sorting, based on structure-dependent reactivity patterns. 8, 9 The main such pattern is enhanced reactivity of smaller diameter nanotubes because of their greater sp 2 bond strain. 10 Although previously unexplored, variations in reactivity with structure should also affect the process of covalent defunctionalization, in which bonds to addends are broken to regenerate pristine SWCNTs.
We report here a structure-resolved study of thermally induced defunctionalization reactions.
Pristine SWCNT samples were first subjected to Billups-Birch reductive alkylation to obtain substantial sidewall functionalization with docedyl groups and solubility in organic solvents. 3, 5 These dodecylated samples were then pyrolyzed for specific times at a range of controlled temperatures, after which changes in composition were monitored by optical absorption, fluorescence, and Raman spectroscopies and gravimetric analysis. Our results reveal that the thermal defunctionalization depends strongly on nanotube diameter, suggesting a new experimental tool for achieving scalable sorting of SWCNT mixtures.
RESULTS AND DISCUSSION
Raman Spectroscopy. The Raman spectrum of the solid alkylated SWCNT sample, shown in the top trace of Figure 1a , reveals an intense D band near 1300 cm -1 . As it is well known that the D-band can be induced by sp 3 sites, 11 this indicates extensive covalent functionalization of the nanotubes. To monitor thermal defunctionalization, portions of this dodecylated sample were pyrolyzed for 30 minutes at various temperatures. As can be seen from the other traces in Figure 1 , the spectral width, peak frequency, and relative intensity of the D-band all decrease systematically as the pyrolysis temperature is increased. We interpret these changes as reflecting the loss of dodecyl addends to give more sparsely 
5,12
SWCNTs show distinct radial breathing mode (RBM) resonance Raman features at low frequencies. Each nanotube species gives a specific RBM peak whose frequency is inversely related to nanotube diameter and can often be used to deduce its (n,m) indices. 13 Figure 1c shows a set of RBM spectra measured with 633 nm excitation on solid dodecylated SWCNT samples that had been pyrolyzed for 30 min at different fixed temperatures. Before pyrolysis, the heavily functionalized sample did not exhibit any sharp RBM bands, likely because strong disruption of the -electron system had suppressed the resonance enhancement effect. However, after defunctionalization at 140 o C, an RBM band appeared at ~193 cm -1 . This band is assigned to nanotubes with a diameter near 1.24 nm, probably the metallic species (9, 9 Another view of this pattern can be seen in Figure 1d , where we plot RBM intensities (relative to the feature near 193 cm -1 ) from (7, 5) Figure 2c ) reveal a much sharper temperature dependence for the RBM peak. This probably reflects the fact that the G-band contains superimposed contributions from multiple (n,m) species that lie within the resonance excitation window but have different pyrolysis profiles, whereas the RBM feature is specific to (8, 3) . In Figure 2d we compare the RBM signals (normalized to their 500 °C values) vs. pyrolysis temperature for three SWCNT species ranging in diameter from 0.78 to 1.04 nm. In agreement with our solid sample findings described above, we find that the onset temperature for significant defunctionalization increases with decreasing SWCNT diameter.
In order to more precisely identify these (n,m)-specific onset temperatures for defunctionalization by 30 min pyrolysis treatments, we used four different Raman excitation lasers to monitor the appearance of distinct RBM features. Each frame of Figure 3 shows species-selected Raman spectra on the same intensity scale for two closely spaced pyrolysis temperatures. The large relative increases in RBM intensities between the two traces allows threshold temperatures to be defined within ~10 °C for the SWCNT species displayed here plus several others. These results are compiled in Table 1 and plotted as a function of SWCNT diameter in Figure 4 , which shows a smooth, monotonic decrease in defunctionalization threshold temperature with nanotube diameter. Points for the two metallic and eleven semiconducting species fall on the same curve, suggesting that the observed dependence is independent of SWCNT metallicity.
If we assume that the kinetics of SWCNT thermal defunctionalization follows an Arrhenius form, then the data in Table 1 species, as seems plausible within this class of closely related reactions, then activation energies E a must be proportional to the experimental threshold temperatures (expressed in kelvin). The last column of Table 1 lists these deduced activation energies relative to that of the largest diameter SWCNTs studied
here. This analysis finds that the defunctionalization activation energy is 44% higher for (6,5) than for (9,9) SWCNTs. Moreover, if the defunctionalization involves homolytic bond cleavage to radicals, then there is no significant energy barrier to the reverse reaction and these activation energies equal the addend binding energies. We attribute the observed variation in binding energies to increased reactivity of smaller diameter SWCNTs caused by curvature-induced strain and the greater release of that strain energy on sp 3 functionalization. 16 Of course, there may also be complicating factors that give a distribution of activation energies even for a single (n,m) species, such as variations among nanotubes in the initial addend density and addition pattern, including banding, [17] [18] [19] [20] and resulting variations in binding energies due to cooperative effects. Our findings should therefore be viewed as averages over any such distributions. We also note that the prior experimental study of Liang et al. suggests that our samples underwent mainly 1,2-addition of dodecyl addends rather than the 1,4-addition thought to dominate when sodium is used as the reducing agent. Figure 5a shows the temperature derivative of the mass loss, with a peak near 160 °C. This result is consistent with the data of Figure 1b , in which the sharpest drop in I D /I G Raman ratio, which we interpret as defunctionalization, also occurs near 160 °C.
We made additional mass loss measurements on a set of 22 equivalent samples of dodecylated SWCNTs. In this experiment, each sample was pyrolyzed for 30 minutes at a specific fixed temperature before measurement of the final mass. The ratios of final to initial mass, expressed as percentages, are plotted vs. pyrolysis temperature in Figure 5b . These results are quite similar to those shown above in spacing between addends of ~5 nm along the nanotube axis. Because this spacing is much smaller than the mean exciton excursion ranges deduced from single-particle quenching experiments, 24, 25 it would suggest that dodecyl-functionalized sp 3 sites on the SWCNT sidewall are less efficient exciton quenchers than the phenyl halide-functionalized sp 3 sites that were sparsely generated by diazonium reactions in those studies. However, if our dodecyl addends are strongly clustered, then the typical length of pristine SWCNT segments in the fluorescence-quenched nanotubes could be much larger than 5 nm. 20 The pronounced dependence on SWCNT diameter found for the defunctionalization activation energy suggests a new strategy for nanotube structural sorting. In this proposed scheme, a mixed sample containing a wide range of (n,m) species would first be individualized and heavily functionalized using reductive alkylation or a comparable method. Then it would undergo pyrolysis at a temperature and duration chosen to selectively defunctionalize SWCNTs with diameters larger than a targeted value.
Nanotubes with smaller diameters would retain their addends and could be selectively dissolved with the aid of bath sonication into organic solvents such as chloroform while the defunctionalized ones would not dissolve. Centrifugation would allow physical separation of the two fractions. In the next step of sorting, the smaller diameter (still functionalized) material would be pyrolyzed at a slightly higher temperature and then reprocessed as described above to recover a fraction enriched in diameters having defunctionalization thresholds between the temperatures of the two pyrolysis treatments. Iteration should permit diameter sorting at a useful level of resolution. This scheme could offer some advantages compared to sorting by techniques such as density gradient ultracentrifugation: better scalability, avoidance of surfactants, and less nanotube shortening and damage from ultrasonic processing.
CONCLUSIONS
Using a combination of spectroscopic and gravimetric measurements, we have investigated how the thermal defunctionalization of alkylated SWCNTs depends on pyrolysis temperature and nanotube structure. The defunctionalization was monitored by mass loss, the disappearance of the Raman D band, the reappearance of van Hove features in absorption, and the restoration of characteristic near-IR fluorescence emission. We find that samples can be restored to essentially pristine condition by heating in an inert atmosphere for 30 minutes at temperatures between 150 and 500 °C. Moreover, the threshold temperatures under these conditions are a strong function of SWCNT structure, as larger diameter nanotubes are more easily defunctionalized than smaller diameter species. The activation energy for addend loss is estimated to increase by a factor of ~1.44 as nanotube diameter decreases from 1.24 to 0.76 nm. This strong variation may enable a novel scalable approach to SWCNT structural sorting based on selective defunctionalization.
MATERIALS AND METHODS

Dodecyl Functionalization of SWCNTs.
Our functionalized samples were prepared according to the method reported by Billups and co-workers for reductive alkylation of SWCNTs using metallic lithium and dodecyl iodide in liquid ammonia. 3, 5 In a fume hood, a 20 mg sample of raw SWCNTs produced in the Rice University HiPco reactor 26, 27 was added to a flame-dried 100 mL three neck round bottom flask and approximately 60 mL of NH 3 was condensed into the flask. Granular lithium metal (Sigma-Aldrich, 99% pure) was then added to the flask followed by the addition of 1.90 g of 1-iodododecane (Sigma-Aldrich). The reaction mixture was magnetically stirred overnight with slow evaporation of NH 3 . Next, the flask was cooled in an ice bath as methanol and then water were slowly added. After neutralization with 10% HCl, the functionalized SWCNT product was extracted into hexanes and washed several times with water. The hexane layer was then filtered through a 0.2 µm PTFE membrane and residual products were washed with ethanol and chloroform and dried overnight in a vacuum oven at 80 °C. The resulting product was highly soluble in chloroform. The scheme used for dodecylation is shown in Figure S1 . Raman Spectroscopy. We measured Raman spectra of solid covalently functionalized SWCNT samples using a Renishaw 1000 micro-Raman spectrometer with a 633 nm excitation laser source.
Thermal Defunctionalization of Dodecylated
Spectral signals were acquired from small regions of dried samples placed on silicon substrate, using 10
to 30 s accumulation times and a 10% laser power setting. Our reported spectra are baseline-corrected and normalized to the dominant G band peak near 1590 cm -1 . 11 Raman spectra of SWCNTs in aqueous suspension were measured with 671 or 740 nm excitation using model NS3 or NS2 NanoSpectralyzers (Applied NanoFluorescence). Characterization of dispersed pyrolyzed samples by absorption and fluorescence spectroscopy was performed with a model NS2 NanoSpectralyzer. We measured Vis-SWIR absorption spectra from 400 to 1400 nm through a 1 cm path length relative to a reference cell containing only a 1% (w/v) surfactant solution. SWIR fluorescence was captured from 900 to 1400 nm with sample excitation at 659 nm (Fig. 7) . Spectral resolutions were 1 nm for visible spectra and 4 nm in the SWIR region. When needed, we measured full excitation-emission scans using a Spex Fluorolog 3-211 spectrofluorometer (Horiba J-Y) equipped with a liquid nitrogen cooled single-channel InGaAs detector. The excitation wavelength was typically scanned from 500 to 850 nm in 5 nm steps and the emission wavelength was scanned from 900 to 1400 nm in 2 nm steps. Spectral slit widths were 10 nm for excitation and 6 nm for emission. Measured emission signals were corrected to account for wavelength-dependent excitation power and detection system sensitivity. A Schott RG-830 (3 mm thick) filter in the emission channel blocked scattered excitation light. RBM peak intensity (relative to peak near ~193 cm -1 ) vs. pyrolysis temperature for the (7, 5) and (12, 3) species. Nanotube diameter
